Laterite soils are widespread in tropical Africa and have a large impact on the hydrology of the areas they cover. The permeability of laterite helps determine the partitioning of runoff and interflow and regulates groundwater recharge to underlying bedrock. Groundwater within laterite also forms a widespread source of drinking water, typically from unimproved hang-dugwells. Despite its importance, there is little published information on laterite aquifer properties. In this study, data from a 6 m deep well in Nigeria have been analysed to characterise the hydraulic conductivity of the laterite from repeated pumping tests. Transmissivity measurements from 40 tests spread out across a hydrological year varied from 0.1 to 1000 m 2 /d. Further interpretation of the data demonstrate a strong non-linear decrease in horizontal hydraulic conductivity with depth, characterised by an upper horizon of extreme permeability (400 m/d), and a much lower permeability profile beneath (<0.1 m/d). These data are substantiated with observations from other wells throughout the area. This non-linear permeability structure has several implications: the upper laterite can facilitate rapid lateral throughflow in the wet season, enabling contaminants to be transported significant distances (up to 1 km); natural groundwater levels are restricted to a narrow range for much of the year; and, in the dry season, the lower permeability of the deeper laterite restricts the amount of water which can be abstracted from shallow wells, leading to well failure. The work highlights the need for a wider study to better understand laterite soils and the role they play in regional hydrology.
BACKGROUND
Laterite soils have widespread occurrence in tropical Africa (Figure 1 ) (Areola 1996; Fookes 1997) . The soils are important to both the hydrology and hydrogeology of these areas: controlling the partitioning of rainfall between runoff and slower moving shallow groundwater; regulating recharge to underlying bedrock aquifers; and also providing an important thin aquifer in their own right (Lawrence et al., 2001; Skinner 2003; Pritchard et al., 2008; Taylor et al., 2010) . Despite the importance of laterite soils, little is published on their aquifer properties or the extent to which they impact surface water and groundwater resources. Improving our understanding of the hydrogeology of laterite soils is increasingly important in helping to determine how runoff, groundwater recharge and groundwater supply will respond to climate change (Taylor et al., 2010; Bonsor et al., 2010; Cuthbert M.O. and Tindimugaya C. 2010) .
The term laterite is used broadly to describe the deeply weathered, red or yellow soils which are widespread within the tropics worldwide (Driesson et al., 2001) . Laterite soils form as the result of intense weathering of old (Pleistocene or older) stable geomorphic surfaces in humid climates and are characterised by high concentrations of residual, primary minerals alongside sesquioxides and kaolinite in the upper soil profile, which is what gives the yellowish (goethite) or reddish (haematite) soil colour (McFarlane 1970; Ollier and Galloway 1990; Areola 1996; Fookes 1997; Driesson et al., 2001) .
Distinct horizons are developed in laterite from the longterm weathering process, with a general translocation of clays towards the base of the laterite and retention of iron and/or aluminium-minerals in the upper horizons (Langsholt 1992; Thomas 1995; Dalhous et al., 2000; McFarlane and Bowden, 2006) . Overall, the permeability of the laterite is known to decrease with depth (e.g. Sharma et al., 1987; Fookes 1997) , but the rate and magnitude of change in permeability with depth are poorly understood with only a few quantitative studies (Ruprecht and Schofield 1993) . Within the most intensely weathered laterite soils, hard concretionary ferricrete layers with tubular void spaces can develop in the uppermost horizons, whilst a pronounced clay layer can develop at the base (McFarlane 1970; Langsholt 1992; Dalhaus et al., 2000; Driesson et al., 2001) . These laterite soils are termed Lixosols, and the clay-rich horizon is usually developed within 5 m from the ground surface (Driesson et al., 2001) . This leads to shallow zones of high permeability in the upper laterite (Taylor et al., 2010) that can facilitate rapid throughflow of groundwater analogous to that within high permeability, low storage karstic aquifers (Langsholt 1992; White 2002; Grasso et al., 2003) , above a low permeability clay base (Ollier and Galloway 1990) . Such properties of laterite are important to the movement and quality of shallow groundwater, both within the laterite and to underlying bedrock (Lawrence et al., 2001; Skinner 2003; Pritchard et al., 2008; Taylor et al., 2010) .
The objective of this paper is to provide detailed quantitative data on the aquifer properties of laterite soils in an area of Nigeria to give better insight into how these soils can impact the hydrology and hydrogeology of the areas they cover. The study applies an analysis of water-level and pumping test data collected during a wider hydrogeological investigation in the Oju region of southeast Nigeria in 1996 (Davies and MacDonald 1999 MacDonald et al., 2005) .
STUDY AREA
The Oju region in southeast Nigeria ( Figure 1 ) has a seasonally wet climate with 1600 mm annual rainfall falling within intense rainfall events over a 6 month wet season (Davies and MacDonald 1999) . Oju is situated in the lower section of the Benue Trough, a major geological rift structure infilled with Cretaceous-age fine-grained, low permeability sediments (Ofoegbu 1985; MacDonald et al., 2005) . A complex laterite soil has developed across the area as the result of prolonged exposure of the Cretaceous sediments to a tropical climate. Due to the low permeability of the bedrock aquifers, many people are reliant on shallow wells within the laterite; however, these are characterised by seasonal deterioration in yield during the dry season leading to the failure of 95% of shallow wells by the end of the dry season (MacDonald and Davies 1997) . Seasonal deterioration in water quality within the wet season often further compromises the sustainability of unimproved shallow wells within the laterite in the region.
The stratigraphy of the laterite at the study site was determined from drill core-sections and cuttings collected during well construction and clay analyses. The laterite displays a strong weathering profile and is classified as a lixosol according to the FAO (2001) pedogenetic classification (Driesson et al., 2001) . Below topsoil, reddish-brown ferrallitic material, rich in iron oxide extends to 2.5 m below ground level (mbgl) (Figure 2 ). This is underlain to 3 mbgl, by a concretionary horizon containing pisoliths and concentric and linear void spaces. Below 3 mbgl, clayey horizons interlayered with thin weathered bands of siltstone comprise an increasing proportion of the laterite (Figure 2 ). The base of the weathered laterite profile is marked by a highly weathered pallid clay layer, which extends to the weathered bedrock surface at 4.75 mbgl (Figure 2) . The study well, from which the pumping test data were analysed, is a large-diameter (1.4 m) shallow hand-dug 
METHODS
The data series used for analysis covered the hydrological year 1998-1999 and are shown in Figure 3 . The study well was at the disposal of the research team for 1998-1999, and over 115 pumping cycles are recorded in the data series, from controlled conditions. A constant rate submersible pump, set at 1.1 l/s was used throughout the pumping test series. Continuous water-level data are available from the pumped well from a munro-record; whilst daily manual dip data are available for the two observation wells, 5 and 20 m from the pumped well. Daily rainfall data were collected on site. Sixty pumping tests were selected from 13 different time intervals within the 1998-1999 dataset for analysis. The tests were selected on the basis of the time of year and the saturated thickness of the laterite immediately adjacent to the well when the pumping tests were conducted. By selecting 60 tests at chronological intervals in 1998-1999 dataset, it was possible to generate a subset of the pumping test data which related to different saturated thicknesses of the laterite surrounding the study well -enabling the aquifer properties of different laterite horizons to be examined. All the tests within the 1998-1999 dataset were conducted using a set pumping rate of 1.1 l/s, and a fixed volume of water was extracted from the well each time. Half the selected pumping test series are distributed throughout the dry season and half within the wet season.
The pumping test data were analysed using BGSPT (Barker 1988; Barker and Macdonald 2000) . BGSPT is a freely available computer programme which numerically solves the generalised well function developed by Barker (1988) for large-diameter wells in fractured aquifers and incorporates many other well functions as special cases (e.g. that of Papadopulos and Cooper (1967) ). It evaluates the solution using the numerical Laplace transform inversion and achieves a fit to data by least squares through a series of iterations. The BGSPT model has been used successfully for analysing pumping test data from wells with storage in a variety of aquifers worldwide (e.g. Mace 1999 , Kulkarni et al., 2000 MacDonald et al., 2008) . Where several pumping cycles were recorded in rapid successive, these were analysed together to determine an average transmissivity. This reduced the chance of deriving anomalous transmissivity values from incomplete recovery of the well.
RESULTS
Water-level data. The continuous water-level record from the pumped well ( Figure 3 ) indicates marked differences in the laterite source behaviour at different times of the year. From May to February, an almost constant groundwater level of 3.0 m below ground level (bgl) is maintained in the well (Figure 3 ). In response to rainfall, the water table rises rapidly from this base level over a period of hours in the wet season and returns to the base level over a period of days. This gives rise to asymmetric peaks in the water-level record from the base water level in the wet season (Figure 3 ). On cessation of pumping, there is a rapid recovery during the wet season, with water levels returning to the base groundwater level at 3 mbgl within minutes, but the response becomes markedly slower through the dry season (Figure 4) . By the mid dry season (February), the response to cessation of pumping is slow (days), and there is incomplete recovery of water levels between successive pumping tests, and the water level in the pumped well begins to decline (Figures 3 and 4) . By the end of the dry season (April), the water level is shown to drop by 3 m (from 3 to 6 mbgl) and the well effectively fails (Figure 3 ). Water levels in the well recover to the original base level of 3 mbgl over a period of 2 months following onset of the wet season (Figure 3) . The marked differences in the source behaviour indicate the aquifer properties of the laterite to be different across its saturated thickness.
Monthly water-level records from 11 other pumped shallow wells across the Oju region show similar trends to the pumped study well (see some examples in Figure 5 ). In each, an almost constant base groundwater level is maintained at 2-3 mbgl until the mid dry season. As in the study well, water levels then decline through the dry season (on average by 6 m within a 4-8 m range), and by the end of the dry season, most of the wells fail.
Data from the observation wells adjacent to the study well show a different seasonal trend to the pumped well. Both observation wells show the same base groundwater level at 3 mbgl in the early dry season as observed in the study well, but by the end of the dry season, groundwater levels drop by only 0.5 m from this base groundwater level in the observation wells, compared to 3 m in the study well (Figure 3 ). The observations wells have a comparable construction to the study well -all three wells being effectively open for their entire length. Water-level data recorded for all the wells are, therefore, comparable, and there was no vertical head distribution present between the wells to cause the difference observed in groundwater levels in the dry season. Collectively, the data indicate the deeper water levels observed in the pumped well at the end of the dry season do not reflect a regional groundwater level decline, and instead they more clay-rich base of the laterite is saturated immediately adjacent to the well. For most of the year, when the saturated thickness of the laterite adjacent to the study well is approximately 2 m (corresponding to a groundwater level of approx. 3 mbgl), the transmissivity of the laterite is shown to be generally 10-100 m 2 /d (Figure 7) . The hydraulic conductivity (K) profile of the laterite was calculated from the transmissivity (T) and saturated thickness (b) according to T = Kb (Figure 8) . The uppermost horizon of the laterite soil, which is only saturated for short periods (days) within the wet season, following very intense rainfall events, is calculated to have the highest hydraulic conductivity (100-400 m/d). Below this horizon, hydraulic conductivity is shown to decrease by an order of magnitude (to 3-50 m/d) in the underlying soil profile over a saturated thickness of 0.5 m, and to decrease by a further order of magnitude (to 0.5-3 m/d) towards the base of the laterite soil (Figure 8 ). The lowest clay layer of the laterite has negligible hydraulic conductivity (0.03-0.1 m/d).
The medium to low hydraulic conductivity values measured are comparable to those determined by other case studies in laterites around the world (e.g. McFarlane 1970; Sharma et al., 1987; Ogunsanwo 1989; Ruprecht and Schofield 1993; Taylor and Howard 1997; Eilers et al., 2007; Osazuwa and Chinedu 2008) . For example, Ruprecht and Schofield (1993) determined the upper horizons of a laterite soil in Western Australia to have hydraulic conductivity of around the order of 10 m/d, and underlying soil horizons approximately an order of magnitude less. None of the previous work, however, identifies hydraulic conductivity as high as those determined within the uppermost saturated laterite horizon in Oju, which is saturated for only limited periods following intense rainfall in the wet season.
DISCUSSION
The data from this study indicate an extreme range of permeability to exist in laterite soils, and there to be a nonlinear decrease in permeability with depth. The similarity of the data and source behaviour between the study well and the 11 other pumped wells monitoring in the Oju area (approx 1600 km 2 ) indicates this stratification of permeability in the laterite soil to occur across the Oju area. The results highlight the importance of characterising laterite permeability to understand shallow drinking source behaviour, and potential recharge to underlying bedrock aquifers, and there is a need for similar research across a much wider area in the tropics to better characterise laterite soils.
Laterite permeability
Causes for such an extreme range of hydraulic conductivity (<0.01 to 400 m/d) measured in the laterite over only 3.5 m saturated thickness relate to changes in the physical properties of the laterite soil with depth.
Highest values (400 m/d) are measured within the uppermost horizon of the saturated laterite soil, which has a concretionary soil structure containing pisoliths (Figure 8 ). This soil structure is the result of advanced hydrolysis in the weathering process which formed the laterite soil (McFarlane 1970; Fookes 1997) . Pisoliths are typically found to develop in the zone of regional watertable fluctuation in the weathering profile -as observed in Oju -where there is repeated aeration and saturation of the soil (McFarlane 1970) . Petrography work shows the residual soil structure in this upper horizon in the laterite in Oju to contain large tubular concentrically laminated structures and voids between the pisoliths (Lott 1998) . These voids within the soils structure will act as preferential flowpaths, facilitating rapid throughflow of groundwater through the high permeability conduits (Langsholt 1992; Ruprecht and Schofield 1993; Driesson et al., 2001) . The extreme permeability horizon is likely to act as a horizontal conduit, through which rainfall infiltrating the laterite is transported laterally through the soil. Such rapid lateral throughflow of shallow groundwater would explain the constant base groundwater level maintained just below the high permeability horizon throughout the wet season at 3.0 mbgl. In intense rainfall events, the water table rises above this laterite horizon, when the infiltration rate exceeds the capacity of high permeability horizon to transport rainfall recharge laterally away. With cessation of rainfall, groundwater levels quickly return to the base groundwater level at 3.0 mbgl. The importance of rapid throughflow of shallow groundwater through these preferential pathways in the shallow laterite soil is also highlighted by work in Uganda by Taylor et al. (2010) , who found that the average groundwater flow velocities in shallow laterite horizons often exceeded that of the inert solute tracer, chloride.
Beneath the high permeability horizon, the laterite soil becomes more homogeneous, and as a result hydraulic conductivity of the soil is measured to decrease to 3-50 m/d, over a saturated thickness of only 0.5 m. With increasing clay content in the laterite with depth, the hydraulic conductivity is measured to further decrease to 0.5-3 m/d over a saturated thickness of 1.5 m in the underlying soil profile. The base of the laterite, which is pallid clay, has negligible permeability (0.03-0.1 m/d). The lower permeability of the laterite soil beneath the upper horizons is insufficient to recharge the well to replace pumped groundwater; therefore, with frequent pumping in the dry season, the water levels decline rapidly and the well effectively fails.
The changes in laterite permeability with depth are shown schematically alongside a lithological log of the 3568 H. C. BONSOR, A. M. MACDONALD AND J. DAVIES laterite in Figure 8 . It is known from the drill core sections the pisoliths do not extend to ground surface in the laterite, and the overlying top soil of the laterite is of a more homogenous structure (Ollier and Galloway 1990; Taylor et al., 2010) . The permeability of the laterite is, therefore, likely to decrease above the high permeability pisolith horizon as indicated in Figure 8 . A non-linear decrease in permeability is indicated with depth in the laterite. The abrupt change in permeability in the laterite below the high permeability concretionary horizon at 3.0 mbgl is likely to be a principal factor to the difference in source behaviour between the wet and season.
Implications of laterite permeability
The extreme range in permeability identified across the saturated thickness of laterite soil by this work highlights the need to take the non-linear nature of soil permeability into account when characterising catchment conditions and the response of wells in laterite.
Recharge and runoff. The permeability profile of the shallow laterite soil in Oju will have significant implications to the hydrology and hydrogeology of the region: the laterite soil restricts recharge to the underlying bedrock aquifers (Cretaceous mudstone units), as well as influencing runoff and surface water resources. Shallow groundwater stored within bedrock units beneath the laterite in Oju is the main source of drinking water for the rural population as across many parts of rural Africa (MacDonald et al. 2012) , and as a result understanding the recharge to these aquifers is essential to assess the long-term sustainability of the groundwater supplies (Cuthbert M.O. and Tindimugaya C. 2010; Edmunds 2012; Lapworth et al., 2012) Data presented by this study show laterite soils are likely to limit recharge to underlying bedrock aquifers, principally due to the very low permeability of the pallid clay layer at the base of the laterite soil, which will significantly limit vertical infiltration of any water stored in the laterite to the underlying bedrock (Figure 9 ). Actual recharge to the underlying bedrock is, therefore, likely to K be much lower than the high potential recharge presented by rainfall in the wet season (Eilers et al., 2007) . Laterite soils will also influence runoff and the hydrology of regions they cover. The high permeability horizons in the upper laterite are likely to facilitate rapid lateral throughflow of rainfall in the soil (Figure 9 ) leading to a highly flashy catchment response to rainfall. This is observed in Oju with strong seasonality of surface water resources. In the wet season, the River Oju responds rapidly to rainfall -the time lag between peak rainfall and river discharge being significantly less than 24 h. The rapid lateral throughflow of water in the laterite within the wet season is likely to limit the amount of water stored by the laterite itself; water being rapidly transported to local discharges, rather than being stored in the laterite. Within the dry season, the river dries up entirely with almost no component of base flow from shallow groundwater at all (Figure 10 Reliability of shallow wells in laterite soils. Many shallow wells are constructed in laterite throughout Africa, a large number of which fail seasonally ). Despite their limited functionality, these wells are an important source of drinking water in large parts of sub-Saharan Africa. The data presented in this study offer some insight into the nature of laterite aquifers and the factors leading to the seasonal failure of shallow wells in laterite.
The rapid recovery (hours) of water levels in the pumped study well in response to cessation of pumping in the wet season indicates the permeability of the very shallow laterite soil to be sufficient to transport enough water to meet demand, and there to be sufficient recharge from rainfall in the wet season (Figures 3 and 5) . Once rainfall stops in the dry season, recovery of water levels within the well is slower between successive pumping tests (Figures 3 and 5) . The decline in water levels in the pumped well accelerates as the dry season progresses as the higher permeability horizons of the upper laterite dewater (Figures 3 and 11) . Eventually, shallow wells that penetrate only the laterite are likely to fail, and it is only deeper wells that intersect groundwater in the underlying weathered bedrock that are likely to be sustainable throughout the dry season (Chilton and Foster 1995) .
Shallow groundwater quality in laterite soils. The quality of shallow groundwater is widely reported to vary seasonally within shallow wells across Africa, despite a relatively constant source of contamination from sanitation (Taylor et al., 2004; Sutton, 2004; Dzwairo et al., 2006; Migele et al., 2007; JMP 2008; Pritchard et al., 2008) . This deterioration in water quality in the wet season is an important consideration to the sustainability of shallow groundwater supplies in laterite, as well as the year-round functionality of the shallow wells.
The seasonal deterioration observed in shallow groundwater quality is likely to be at least in part attributable to the permeability structure of the laterite soils. The high permeability of shallow laterite horizons means shallow groundwater is highly vulnerable to contamination from the ground surface in the wet season. The very permeable upper horizons of laterite will enable high infiltration rates of rainfall and rapid lateral throughflow of water within the shallow laterite soil during intense rainfall events. As a result, a significant deterioration of water quality can be observed within hours of rainfall in laterite soils, with inflow of suspended solids and other contaminants (Taylor et al., 2004; Godfrey et al., 2005) . The existence of preferential pathways in the upper horizon of the Oju laterite will also mean contaminants can be transported significant distances in the soil (over 1 km) whilst still virulent. Unfeasible separation distances are, therefore, likely to be required in some soils to ensure sufficient travel time (25 days) between water supplies and contamination sources, so that the pathogenic contaminant load is no longer virulent by the time it reaches a water supply (Lawrence et al., 2001) .
The shallow water table maintained within the laterite throughout the wet season in Oju also means there is very limited attenuation of contaminations within the thin unsaturated zone in the laterite soil. Moreover, within periods of very intense rainfall events when the water table is elevated, data from Oju show contamination may enter the groundwater directly from the base of latrines with little, if any, attenuation. In Oju, shallow groundwater in Oju typically contained 200-500 faecal coliforms per 100 ml in the wet season (Davies and MacDonald 1999) . Whilst no systematic survey of water-borne disease was undertaken in Oju, it is well known that high coliform concentrations increase the risk of water-borne disease in regions where populations are dependent on contaminated drinking water (Hunter et al., 2010) . Data from a survey of faecal coliform concentrations from different groundwater sources in Oju demonstrated that sources which took water from the laterite had the highest coliform contamination (Figure 12 ). Highest coliform counts were found within shallow unimproved wells. Slightly lower coliform counts were measured from shallow improved wells (i.e. had a semi permeable cement lining). Borehole supplies which cased out the laterite entirely, and abstracted shallow groundwater from the underlying Cretaceous mudstone bedrock, contained very few coliforms (Figure 12 ).
CONCLUSIONS
Analysis of pumping test data from a shallow well constructed in laterite soil in southeast Nigeria reveals extreme variations in permeability within the laterite. 
